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Abstract Loss-of-function mutants are fundamental resources for gene function studies. However, it is difficult to
generate viable and heritable knockout mutants for essential genes. Here, we show that targeted editing
of the C-terminal sequence of the embryo lethal gene MITOGEN-ACTIVATED PROTEIN KINASES 1
(OsMPK1) results in weak mutants. This C-terminal-edited osmpk1l mutants displayed severe devel-
opmental defects and altered disease resistance but generated tens of viable seeds that inherited the
mutations. Using the same C-terminal editing approach, we also obtained viable mutants for a wall-
associated protein kinase (0s07g0493200) and a leucine-rich repeat receptor-like protein kinase
(0s01g0239700), while the null mutations of these genes were lethal. These data suggest that protein
kinase activity could be reduced by introducing frameshift mutations adjacent to the C-terminus, which
could generate valuable resources for gene function studies and tune protein kinase activity for sig-
naling pathway engineering.
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target gene. In practice, CRISPR/Cas9 is often recom-
mended for the introduction of frameshift InDels adja-
cent to the start codon or within exons that encode
conserved protein domains (Chen et al. 2021). Due to

Dear Editor,
Loss-of-function mutants are fundamental resources

for gene function studies. However, it is difficult to
generate viable and heritable knockout mutants for
essential genes (Meinke et al. 2008). In the past decade,
CRISPR/Cas9 genome editing has become a routine
genetic tool for targeted gene knockout (Xie and Yang
2013; Zhu et al. 2020). Cas9 and guide RNAs (gRNAs)
predominantly introduce 1 bp insertions/deletions
(InDels) at targeting sites, via endogenous nonhomolo-
gous DNA end joining, during plant genome editing
(Chen et al. 2022). Such frameshift mutations, within
the protein coding regions, resulted in premature stop
codons and thereby knocked out the function of the
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the high efficiency of CRISPR/Cas9 genome editing,
viable seeds of null mutants of embryonically lethal
genes are hard to generate through Cas9-mediated
mutagenesis. For example, in our previous attempts to
knock out rice mitogen-activated protein kinase (MAPK)
genes (Xie et al. 2015), null mutants of two MAPK genes,
OsMPK1 (MSU ID: LOC_0s06g06090; RGP ID:
0s06g0154500; also named OsMAPK6) and OsMPK6
(MSU ID, LOC_0s10g38950; RGP ID, 0s10g0533600),
were found to generate lethal embryos in the T, gen-
eration, but these mutants could not be preserved due
to embryonic lethality (Minkenberg et al. 2017). During
the construction of an arrayed CRISPR library of 1072
rice receptor-like kinase (RLK) and receptor-like
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cytoplasmic kinase (RLCK) genes (Chen et al. 2022), at
least 20 knockout mutants of the RLK/RLCK genes
displayed developmental defects and failed to generate
viable seeds. These protein kinases are also important
for rice immune signaling and abiotic stress responses
(Dievart et al. 2020). The lack of stable knockout
mutants of essential protein kinase genes hinders the
dissection of signaling networks which control rice
development, immunity, and abiotic stress tolerance.

Notably, Liu et al. (2015) obtained a dwarf and small
grainl (dsg1) mutant in which the function of OsMPK1
was knocked out. Interestingly, dsgl displayed devel-
opmental defects but generated very few viable seeds.
The dsg1 mutant carried a 1 bp deletion (referred to as
— 1), which was located 54 bp upstream of the stop
codon (Fig. 1A). This mutation generated a premature
stop codon which deleted the last 19 amino acid resi-
dues of OsMPK1. As a result, the last a-helix (referred to
as the oL16-helix in the MAPK structure (Canagarajah
et al. 1997)) of the protein kinase domain is truncated
in the OsMPK1%9" allele (Liu et al. 2015). In addition to
those of OsMPK1, we recently reported that frameshift
mutations that change the last 10-20 amino acid resi-
dues of two calcium-dependent protein kinase genes,
OsCPK18 and OsCPK4, altered Ca®* sensitivities of both
kinases and resulted in gain-of-function mutants that
enhanced rice disease resistance and yield per plant (Li
et al. 2022). On the basis of these findings, we hypoth-
esized that frameshift mutations adjacent to the C-ter-
minus of the kinase domain may generate functional
knockout mutants or gain-of-function lines of essential
protein kinase genes.

To test the above hypothesis, we edited OsMPK1
using a Cas9/gRNA whose cleavage site was 7 bp
upstream of the deletion of dsg1 (Fig. 1A). We obtained
18 positive Ty plants (referred to as PTG147) and
genotyped them using Sanger sequencing (Table S1).
These plants carried highly frequent biallelic frameshift
mutations, ranging from 1 bp insertion (+ 1) to 141 bp
deletion (— 141), at the Cas9 cleavage site (Fig. 1B).
Interestingly, 11 OsMPKI-edited T, plants exhibited
moderate to extreme dwarfism and carried various
frameshift mutations (Fig. 1B and C, Table S1; e.g,, lines
18, 9, and 17), implying that changes in the C-terminal
amino acid residues of OsMPK1 affect rice development
to different extents. Furthermore, 7 T, plants harboring
monoallelic frameshift mutations exhibited normal
morphology and seed development (e.g, PTG147-12;
Fig. 1C). After self-fertilization, as we previously
observed in OsMPKI CRISPR lines targeting 5'-end
coding exons (Minkenberg et al. 2017), biallelic frame-
shift mutants were defective in embryogenesis and
failed to develop seeds, except for 2 other lines

(PTG147-22 and PTG147-7; Table S1). These two lines
displayed similar dwarf phenotypes but generated very
few viable seeds. The T; plants of PTG147-22 and
PTG147-7 also displayed an extremely dwarf phenotype
and carried the desired homozygous mutations as did
the parental T, lines (Fig. 1D). We also tested rice blast
resistance using a spot inoculation assay. The results
showed that these two T lines had smaller lesions and
less fungal growth than did the wild-type plants (Fig. 1
E and F). Consistently, the expression of pathogenesis-
related gene 5 (PR5) was 2.5-6 times greater in com-
parison with that in the WT, while the expression of the
OsMPK1 transcript was slightly reduced (Fig. 1G), likely
due to the positive feedback regulation in MAPK sig-
naling (Schmidt et al. 2013). These data suggest that
OsMPK1 plays an essential role in development and
negatively regulates rice blast resistance. The extremely
dwarf T; plant PTG147-22-2, which carried homozy-
gous deletions of — 59/— 59, also produced several
viable seeds (Fig. 1D). The phenotype of the PTG147-22
plants resembled that of the dsgl mutant, which has
developmental defects and few viable seeds. Taken
together, these data demonstrated that frameshift
mutations close to the stop codon could generate heri-
table loss-of-function mutations in OsMPK1.

The null mutation of embryonic lethal and female/-
male sterile genes could be preserved as heterozygotes
(Meinke et al. 2008). Indeed, 7 T, lines of OsMPK1,
which carry frameshift mutation in only one allele and
WT sequence (or non-frameshift mutation) in the other
allele, exhibited normal development. We show such
example lines, PTG147-12 and PTG147-3, which carried
— 3/— 1 and — 18/— 1 mutations in the Ty generation.
As expected, segregated T; plants with homozygous
frameshift mutations (— 1/— 1) presented develop-
mental defects and did not generate viable seeds.
However, the heterozygous plants displayed normal
development and seeding in the T; generation, con-
firming that the null mutants of OsMPK1 can be pre-
served as heterozygotes.

We further compared the protein sequences of the
mutated OsMPK1 alleles in these CRISPR/Cas9-edited
plants (Fig. 1H and I). A total of 8 representative vari-
ants of mutated OsMPK1 proteins were obtained from
the PTG147 plants. The variants were categorized into
three types. Type I includes — 1, — 4, — 59,and — 7 bp,
which result in a premature stop codon and truncate the
last 21-23 amino acid residues of OsMPK1 as dsgl.
Type II includes + 1 and — 2 bp mutations, which
changed the last 20 and 22 amino acid residues,
respectively. Type III includes — 3 and — 18 mutations,
which did not change the reading frame but did delete 1
and 6 amino acid residues, respectively, in OsMPK1

© The Author(s) 2024



aBIOTECH

A
gRNA
OSMPK1 TTC GAG CAG CAT GCATTG TCC GAG GAA CAAATG AAG GAT CTAATC TAC CAA GAA GGC CTT GCG TTC AAC CCT GAT TAC CAG TAG
F E Q H AL SETESQMT KT DTLIYQEGLAFNTPTDY Q H
dsg7 TTC GAG CAG CAT GCATTG TCC GAG GA-C AAA TGAAG GAT CTAATC TAC CAA GAA GGC CTT GCG TTC AAC CCT GAT TAC CAG TAG dsgl (1) FSFDFEQHALSEDK
F E Q H A L S E D K * PTG147-22 (-59)  FSFDFEQHALPV
B PTG147-18 dwarf PTG147-17 semi-dwarf PTG147-22 (-4) FSFDFEQHAPRNK
Allele1: GACTTCGAGCAGCATGCATT - TCCGAGGAAC (-1 bp) Allele1: GACTTCGAGCAGCATGCAT - - TCC GAGGAA (-2 bp) PTG147-7 (-7) FSFDFEQH PRNK
AIE smmcimmmm eemmmmmm e mms s C (-104 bp) Allele2: GACTTCGAGCAGCATGCAT - - TCC GAGGAA (2bp)  PTG147-9 (+1)  FSFDFEQHALSRGTNEGSNLPRRPCVQP
PTG147-22 dwarf PTG147-9  semi-dwarf PTG147-9 (-1) FSFDFEQHALPRNK
Allele1: GACTTCGAGCAGCATGCATT - - - - - - -~ - - - (-59 bp) Allele1: GACTTCGAGCAGCATGCATTGTCCCGAGGAA (+1bp)  PTG147-17 (2) FSFDFEQHAFRGTNEGSNLPRRPCVQP
Allele2: GACTTCGAGCAGCATGC- - - - TCCGAGGAAC (-4 bp) Allele2: GACTTCGAGCAGCATGCATTG-CC GAGGAA (-1bp) PTG147-6 (+1 8-16) FSFDFEQQLVF
PTG147-7  dwarf PTG147-12  normal PTG147-12 (-3) FSFDFEQHA- SEEQMKDLIYQEGLAFNPDYQ
Allele1: GACTTCGAGCAGCAT - - ----- CCGAGGAAC (-7 bp) Allelet: GACTTCGAGCAGCATGCAT- - -CC GAGGAA (3bP)  pr1g7 3 (18)  FSFDeormeemee SEEQMKDLIYQEGLAFNPDYQ
Allele2: GACTTCGAGCAGCATGCA- - - - CCGAGGAAC (4 bp) Allele2: GACTTCGAGCAGCATGCATT -TCC GAGGAA (-1 bp) WT
Reference: GACTTCGAGCAGCATGCATTGTCCGAGGAAC Reference: GACTTCGAGCAGCATGCATTGTCC GAGGAA
c D

ZH11  dsg1 ZH11 PTG147 (To generation)
E F
- OsMPK1 PR5
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ZH11  (-4/-7) ZH11 (-59/-59) ZH11 (-4/-7) + ZH11 (-59/-59) ZH11  (-4/-7) (-59/-59) ZH11  (-4/-7) (-59/-59)

PTG147-7-1 PTG147-22-2 PTG147-7 PTG147-22 PTG147 T4 PTG147 T4
J gRNA
R942 TCC GAG GTG ACG AAG AGA CCATCC ATG GTG GAA GTA GCAAAA CAT CTC AAG AAC ATAAAT GAT TTA CAT GAT AGC ACA GCT TGC CAT GAG CTG GCG ATT TAT CAA TCT CGAATG CTT TCG GGC TAG

0Os0790493200s E v T K R P S M V E V A KH LKN INDLHDS ST ACHE L AI Y QS RMLS G *

R942-81-1 #1 Allele1: TCCGAGG TGACGAAGAGACCATCCATG(WT) L VVVVV

R942-81-1 #1 Allele2:  TCCGAGGATGACGAAGAGACCATCCATG(+1)

R942-872 #2 Allele:  TCCGAGGATGACGAAGAGACCATCCATG(+1/+1)

R942-87-3 #3 Allele1: TCCGAGGATGACGAAGAGACCATCCATG(+1)

R942-87-3 #3 Allele2: TCCGAGG --=-=-=-==-=-=-=- ACCATCCATG(-10)

Reference:  TCCGAGG TGACGAAGAGACCATCCATG

R942:  SEVTKRPSMVEVAKHLKNINDLHDSTACHELAIYQSRMLSG*
R942-87-2(+1): SEDDEETIHGGSSKTSQEHK*
R942-87-3(-10):  SEDHPWWK*

(WT/+1)  (+1/+1) (+/-10)

R942 T4

M N

gRNA
R753 AAG CTG TCG CCATAC TAC TAC GAG GAC ACC TCC GAT CAA GGG AGC AGC GTG TAA

0s0190239700 Kk L s P Y Y Y E D T 8 D Q G § s V *

R753-77-6 #1 Allele: AAGCTGTCGCCATA CTACTTACGAGGACACC(+1/+1)
R753-77-1 #2 Allele: AAGCTGTCGCCATAA- - - - - ACGAGGACACC(+1,-5/+1,-5)
Reference: ~ AAGCTGTCGCCATA CTACT ACGAGGACACC

R753: KLSPYYYEDTSDQGSSV*

R753-77-1(+1,-5).  KLSP*

R753-77-6(+1): KLSPYYLRGHLRSREQRV

Kitaake (+1/+1) (+1,-5/+1,-5)

AlphaFold structure of LRR-RLK (AOAOPOV059 )

R753 T1
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«Fig. 1 Targeted editing of the C-terminal sequences of OsMPK1,
WAK R942, and the LRR-RLK R753. A Schematic illustrating the
C-terminal coding sequences and corresponding protein
sequences of OsMPKI and dsgl. The sequence under the line
indicates the gRNA guide sequence, and the PAM sequence for
CRISPR/Cas9 is shown in blue. Red letters and *, stop codon; —,
deletion. B Representative genotype data of OsMPK1 CRISPR lines
(PTG147). These T, lines were categorized into three types
according to plant height (dwarf, semidwarf, normal). C and
D Photos showing the heights of dsgI mutants and OsMPK1-edited
plants (PTG147). The panicles of WT and PTG147-22-2 are shown
in the left and right top corners, respectively, in D. Bar = 10 cm.
E Comparisons of rice blast resistance of wild type plants (ZH11)
and two OsMPK1 edited plants (PTG147-22 and PTG147-7) at T,
generation. The photos were taken at 6 days after inoculation of
Magnaporthe oryzae isolate 99-20-2. F The relative fungal amount
in rice leaves inoculated with M. oryzae. The data are presented as
the mean £ SD (n = 3 biological replicates). G Relative expression
of PR5 and OsMPK1 in PTG147-7 and PTG147-22 lines at T,
generation. The data are presented as the mean £+ SD (n =3
biological replicates). ** and *** indicate P value < 0.01 and 0.001
(Student’s t-test), respectively. H-1 Comparisons of C-terminal
protein sequences of different OsMPK1 alleles in PTG147 lines.
The changes of protein sequences resulted from frameshift
mutations are shown in green. Red letters indicate the last o-
helix and C-terminal extension sequences of OsMPK1. The last o-
helix is labeled with red outlines in AlphaFold protein structure
(I). J-O Targeted editing of the C-terminal sequence of R942 and
R753. J and M Schematics showing gRNA positions in targeted
genes. Representative genotype data for the R942 and R753
CRISPR editing lines are shown below the genome sequence.
K and N AlphaFold predicted structure of R942 and R753. The
accession number shown in brackets. The green outlines mark the
last o-helix (K) and C-terminal extension sequences (N) in
AlphaFold protein structures. L and O Photos of the CRISPR T,
lines R942 (L) and R753 (0) and viable seeds from one panicle
(Kitaake, R942%"/*1, R942+1/*1) or whole plants (R942*1/~1C,
R7537V/+1 R7530+1=5)/(+1=50 " regpectively. WT wild type; the
number in brackets indicates the genotypes of target genes.
Bar = 10 cm

(Fig. 1H). All frameshift mutations (Type I and Type II)
in these plants resulted in deletion of the aL.16 helix and
the C-terminal extension sequence of OsMPK1. Because
only the OsMPK1~°”~°° and dsgl mutations stably
generated viable seeds, we hypothesized that the
mutated proteins of OsMPK1~°~°>° may have leaky
activity during rice embryogenesis.

Since the biochemical features of protein kinases are
similar, we further assessed the effect of genome editing
of C-terminal frameshift mutations in essential protein
kinase genes through targeting the coding sequence
close to the stop codon. To this end, we selected two rice
protein kinases, a wall-associated protein kinase (WAK),
0s07g0493200 (referred to as R942), and a leucine-rich
repeat receptor-like protein kinase (LRR-RLK),
0s01g0239700 (referred to as R753) (Fig. 1]-0). We
previously obtained functional knockout T, plants of
both genes by editing the sequence close to the start

codon, however none of them generated viable seeds
(Chen et al. 2022). In this study, we edited the C-ter-
minal sequences of R942 and R753 and obtained 2 and 4
Ty lines, respectively (Table S2). The T, plants of both
gene mutants displayed various phenotypes, as we
observed in PTG147 lines. We further analyzed the
genotypes and phenotypes of the T; progenies. For
R942, plants with a homozygous 1 bp insertion (4 1/
+ 1) exhibited normal development, suggesting that
this mutation did not affect gene function. Interestingly,
the R942 edited line with a heterozygous + 1/— 10
mutation exhibited dwarfism, implying that R94271°
was a null function allele. Again, the + 1 and — 10
mutations changed the last 39 amino acid residues of
R942, which disrupted the C-terminal ao-helix (Fig. 1]).
For R753, two homozygous mutants with + 1/4+ 1 and
(+ 1, — 5)/(+ 1, — 5) genotypes were obtained. Both
lines displayed strong developmental defects in the T,
generation but generated few viable seeds. Notably, the
R753 mutation locates in the C-terminal extension
region, which is downstream of the last o-helix
(Fig. 1N). These data imply that frameshift mutations
close to the C-termini of protein kinases could generate
mutants with a loss-of-function phenotype.

Protein kinases are fundamental components for
cellular signaling transduction including many essential
genes for plant embryo development and growth. By
introducing frameshift mutations adjacent to the C-ter-
minus, we generated mutants with strong develop-
mental defects but could generate few viable seeds for
three essential protein kinases. These data imply that
amino acid residues in the last a-helix and C-terminal
extensions are critical for kinase activity and editing
these regions have a chance to generate functional
defect mutant for essential protein kinases. These phe-
nomena are consistent with the findings of MAPK
studies in animals. For example, the a-L16-helix of p38a
is involved in autophosphorylation-mediated activation
of MAPK in animals (Diskin et al. 2007; Rothweiler et al.
2011). Substitution and phosphorylation of amino acid
residues in this region changed MAPK activity in animal
p38a and yeast Hogl (Tesker et al. 2016). Our genome
editing data of R942 and R753 imply that the C-terminal
region of RLK is likely critical for kinase activities, as is
the case for OsMPK1, but the biochemical mechanism of
these phenomena requires further investigation. In
summary, this study presents an approach for generat-
ing knockout mutants with viable seeds for essential
protein kinase genes, which can potentially be engi-
neered to tune protein kinase activities for crop
improvement in the future.

© The Author(s) 2024
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MATERIALS AND METHODS
Plant materials and growth conditions.

Rice (Oryza sativa L. ssp. Geng) cv. Kitaake and Zhon-
ghua 11 (ZH11) were used in this study. PTG147 lines
were generated in the ZH11 background. R753 and
R942 were generated from the cv. Kitaake background.
For disease resistance evaluation, rice plants were
grown in a greenhouse at 28 °C under 14 h day/23 °C
and 10 h night conditions.

Construction of CRISPR/Cas9 plasmids and rice
transformation

For CRISPR/Cas9 genome editing, the targeting sites of
OsMPK1, R942 and R753 were designed using CRISPR
P 2.0. The genome editing plasmids were constructed as
described previously (Chen et al. 2022). Briefly, for each
gRNA, a pair of DNA oligos with 20 bp targeting
sequences and appropriate 4 nt overhangs were syn-
thesized (Sangon Biotech, China) and then annealed to
the dsDNA duplex. Then, the dsDNA oligos were inser-
ted into the Bsal sites of the pRGEB32B0, B3, and B5
vector, respectively. These Cas9/gRNA plasmid con-
structs were subsequently transformed into rice calli
(ToWin Biotech, Wuhan, China). The DNA oligos used for
gRNA cloning are listed in Table S3.

Genomic DNA extraction and genotyping of gene-
edited lines

The genomic DNA of the rice leaves was extracted using
the cetyltrimethylammonium bromide method (Chen
et al. 2022). To examine the genotypes of the targeted
genes, the gene fragments flanking the editing sites
were amplified using 2x Taq PCR MasterMix (Aidlab,
China). Then, the PCR products were analyzed via San-
ger sequencing. The primer sequences are listed in
Table S3.

Rice blast inoculation

The Magnaporthe oryzae isolate 99-20-2 (Zhou et al.
2018) was used to infect rice leaves as described pre-
viously (Chen et al. 2022). Briefly, the fully expanded
3rd leaf was detached from rice plants and inoculated
with 2 pL of blast spores (3 x 10° spores/mL) via a
pipette tip. At 6 days postinoculation, the lesion area
was calculated using Image] (imagej.nih.gov/ij/). The
relative fungal growth in the inoculated leaves was
determined by quantitative real-time PCR using the M.

© The Author(s) 2024

oryzae 28S rDNA and rice 25S rDNA (Xie et al. 2014)
(Table S3).

RNA extraction and RT-qPCR

Total RNA was extracted using TRIzol reagent (Thermo
Fisher Scientific). For cDNA synthesis, 2 pg of total RNA
was treated with DNase I (New England Biolabs) before
reverse transcription. First-strand cDNA was synthe-
sized using reverse transcriptase M-MLV (RNase H-)
(Takara Bio) with Oligo(dT);g. Quantitative PCR was
performed on a QuantStudio 3 (Applied Biosystems)
with a One Step TB Green PrimeScript RT-PCR Kit
(Takara Bio). Finally, the relative expression of the
analyzed genes was calculated using the 272" method
with rice UBIQUITIN10 as the internal reference gene (Li
et al. 2022).

Supplementary InformationThe online version contains
supplementary material available at https://doi.org/10.1007/
$42994-024-00165-5.

Acknowledgements We thank Professors Fan Chen at the Insti-
tute of Genetics and Developmental Biology, Chinese Academy of
Sciences and Meng Yuan at Huazhong Agricultural University for
providing the dsg1 mutant seeds. This study was supported by the
National Natural Science Foundation of China (32293243) and
Fundamental Research Funds for the Central Universities
(2021ZKPY002, 2662023PY006). This research was supported by
Hainan Yazhou Bay Seed Laboratory and the China National Seed
Group (project B23YQ1516).

Data availability All data supporting the findings of this study
are available within the paper and supplementary information.

Declarations

Conflict of interest The authors have no competing interests to
declare that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or for-
mat, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other
third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit
line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.


https://doi.org/10.1007/s42994-024-00165-5
https://doi.org/10.1007/s42994-024-00165-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

aBIOTECH

References

Canagarajah BJ], Khokhlatchev A, Cobb MH, Goldsmith EJ (1997)
Activation mechanism of the MAP kinase ERK2 by dual
phosphorylation. Cell 90(5):859-869. https://doi.org/10.
1016/s0092-8674(00)80351-7

Chen K, Liu H, Xie K, Tahir Ul Qamar M, Chen L-L (2021) Advances
in guide RNA design for editing plant genomes using CRISPR-
Cas systems. In: Willmann MR (ed) Genome editing for
precision crop breeding, 1st edn. Burleigh Dodds Science
Publishing, London, pp 147-174

Chen K et al (2022) A FLASH pipeline for arrayed CRISPR library
construction and the gene function discovery of rice receptor-
like kinases. Mol Plant 15(2):243-257. https://doi.org/10.
1016/j.molp.2021.09.015

Dievart A, Gottin C, Perin C, Ranwez V, Chantret N (2020) Origin
and diversity of plant receptor-like kinases. Annu Rev Plant
Biol 71:131-156. https://doi.org/10.1146/annurev-arplant-
073019-025927

Diskin R, Lebendiker M, Engelberg D, Livnah O (2007) Structures
of p38alpha active mutants reveal conformational changes in
L16 loop that induce autophosphorylation and activation.
] Mol Biol 365(1):66-76. https://doi.org/10.1016/j.jmb.
2006.08.043

Li H et al (2022) Fine-tuning OsCPK18/0sCPK4 activity via
genome editing of phosphorylation motif improves rice yield
and immunity. Plant Biotechnol ] 20(12):2258-2271. https://
doi.org/10.1111/pbi.13905

Liu S et al (2015) OsMAPK®6, a mitogen-activated protein kinase,
influences rice grain size and biomass production. Plant ]
84(4):672-681. https://doi.org/10.1111/tpj.13025

Meinke D, Muralla R, Sweeney C, Dickerman A (2008) Identifying
essential genes in Arabidopsis thaliana. Trends Plant Sci
13(9):483-491. https://doi.org/10.1016/j.tplants.2008.06.
003

Minkenberg B, Xie K, Yang Y (2017) Discovery of rice essential
genes by characterizing a CRISPR-edited mutation of closely

related rice MAP kinase genes. Plant ] 89(3):636-648.
https://doi.org/10.1111/tpj.13399

Rothweiler U, Aberg E, Johnson KA, Hansen TE, Jorgensen ]JB, Engh
RA (2011) p38alpha MAP kinase dimers with swapped
activation segments and a novel catalytic loop conformation.
] Mol Biol 411(2):474-485. https://doi.org/10.1016/j.jmb.
2011.06.013

Schmidt R et al (2013) Salt-responsive ERF1 regulates reactive
oxygen species-dependent signaling during the initial
response to salt stress in rice. Plant Cell 25(6):2115-2131.
https://doi.org/10.1105/tpc.113.113068

Tesker M, Selamat SE, Beenstock ], Hayouka R, Livnah O,
Engelberg D (2016) Tighter alphaC-helix-alphal16-helix
interactions seem to make p38alpha less prone to activation
by autophosphorylation than Hogl. Biosci Rep. https://doi.
org/10.1042/BSR20160020

Xie K, Yang Y (2013) RNA-guided genome editing in plants using a
CRISPR-Cas system. Mol Plant 6(6):1975-1983. https://doi.
org/10.1093/mp/sst119

Xie K, Chen ], Wang Q, Yang Y (2014) Direct phosphorylation and
activation of a mitogen-activated protein kinase by a calcium-
dependent protein  kinase in rice. Plant Cell
26(7):3077-3089. https://doi.org/10.1105/tpc.114.126441

Xie K, Minkenberg B, Yang Y (2015) Boosting CRISPR/Cas9
multiplex editing capability with the endogenous tRNA-

processing  system. Proc Natl Acad Sci USA
112(11):3570-3575. https://doi.org/10.1073/pnas.
1420294112

Zhou XG et al (2018) Loss of function of a rice TPR-domain RNA-
binding protein confers broad-spectrum disease resistance.
Proc Natl Acad Sci USA 115(12):3174-3179. https://doi.org/
10.1073/pnas.1705927115

Zhu H, Li C, Gao C (2020) Applications of CRISPR-Cas in
agriculture and plant biotechnology. Nat Rev Mol Cell Biol
21(11):661-677. https://doi.org/10.1038/s41580-020-
00288-9

© The Author(s) 2024


https://doi.org/10.1016/s0092-8674(00)80351-7
https://doi.org/10.1016/s0092-8674(00)80351-7
https://doi.org/10.1016/j.molp.2021.09.015
https://doi.org/10.1016/j.molp.2021.09.015
https://doi.org/10.1146/annurev-arplant-073019-025927
https://doi.org/10.1146/annurev-arplant-073019-025927
https://doi.org/10.1016/j.jmb.2006.08.043
https://doi.org/10.1016/j.jmb.2006.08.043
https://doi.org/10.1111/pbi.13905
https://doi.org/10.1111/pbi.13905
https://doi.org/10.1111/tpj.13025
https://doi.org/10.1016/j.tplants.2008.06.003
https://doi.org/10.1016/j.tplants.2008.06.003
https://doi.org/10.1111/tpj.13399
https://doi.org/10.1016/j.jmb.2011.06.013
https://doi.org/10.1016/j.jmb.2011.06.013
https://doi.org/10.1105/tpc.113.113068
https://doi.org/10.1042/BSR20160020
https://doi.org/10.1042/BSR20160020
https://doi.org/10.1093/mp/sst119
https://doi.org/10.1093/mp/sst119
https://doi.org/10.1105/tpc.114.126441
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1073/pnas.1705927115
https://doi.org/10.1073/pnas.1705927115
https://doi.org/10.1038/s41580-020-00288-9
https://doi.org/10.1038/s41580-020-00288-9

	C-terminal frameshift mutations generate viable knockout mutants with developmental defects for three essential protein kinases
	Abstract
	Materials and methods
	Plant materials and growth conditions.
	Construction of CRISPR/Cas9 plasmids and rice transformation
	Genomic DNA extraction and genotyping of gene-edited lines
	Rice blast inoculation
	RNA extraction and RT--qPCR

	Data availability
	References


